A design criterion for a compact 3D printed high gain corrugated plate antenns that has high aperture efficiency and wide bandwidth is presented in this paper. The proposed design criterion is validated numerically and experimentally by fabricating 3D printed and Aluminium prototypes for X-band and Ka-band applications. The proposed antenna structure consists of two layers, where the electromagnetic energy (EM) is launched into a cavity that exists between both layers and the EM energy is coupled to the surface of the second layer. The second layer is the radiating structure which consists of three slots surrounded by a rectangular cavity and periodic corrugations that significantly improve the gain of the antennas. The 3D printed prototypes of the proposed antennas are fabricated and tested to validate the proposed design criterion, and their performance is compared to the Aluminium metallic counterparts. Using 3D printing technology, to fabricate the proposed antennas offer low cost and low weight alternatives to the Aluminium metallic prototypes. The measured results of the fabricated prototypes show high gain, high aperture efficiency, low side lobe level, and low cross polarization performance over a wide bandwidth.
I. INTRODUCTION
Corrugated plate antennas have been widely investigated to deliver high gain performance at microwave frequencies, millimeter-wave and THz bands. These antennas typically consist of a central slot perforated into a metallic plate, where, the slot is surrounded by periodic corrugations that enhance the directivity of the antenna. The periodic corrugations have two main shapes which are straight corrugations (SC) as in [1] - [9] and cylindrical corrugations as known as ''Bull's Eye (BE)'' antennas [10] - [17] . One of the main advantages of these corrugated plate antennas is their ability of providing high gain performance, while keeping compact and low profile size. Hence, they found their way to be deployed for various applications at microwave frequencies [5] , [6] , [12] , millimeter-wave and THz applications [2] , [16] , satellite communication [11] , [12] , and automotive radar The associate editor coordinating the review of this manuscript and approving it for publication was Yejun He .
communication [17] . Furthermore, one of the other advantages of the corrugated plate antennas that they have very high radiation efficiency, due to two main facts: the first is that the structures are typically fed using ultra reliable and efficient waveguide technology and the second is that the antenna structure consists of only metal, where the radiation efficiency of the antenna is boosted once the reflection coefficient is matched as the conduction losses of most metals such as Aluminum are very low. However, the main drawbacks of the SC and BE corrugated plate antennas that are their high cost of fabrication, low aperture efficiency and their narrow bandwidth.
Aperture efficiency (A e ) is the ratio of the effective aperture area of an antenna to the antenna's physical area. Generally, aperture antennas such as horn and reflectors have the highest aperture efficiency performance due to their high gain performance [18] - [20] . For example, horn antennas have an A e range of 35% to 80% and optimum horn gain have an A e of 50%, while reflectors have an A e range of 50% to VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ 80% [18] . However, high gain corrugated antennas have very compact size advantage compared to horn and reflectors, but they suffer from having low A e performance due to their large aperture size as the corrugation's period is comparable to the operation wavelength. For example, the BE antennas in [11] and [17] have and A e of less than 5 %, the BE antenna in [10] has an A e of ∼ 6.5% and the improved and recent BE in [13] has an A e of 32%. The antenna with SC in [1] has an A e of ∼ 6% and the dual layer corrugated antenna with SC in [6] has an A e of 18.5 %.
In this paper, we present a novel design criterion to overcome the low A e disadvantage of corrugated antennas, while keeping compact and low profile advantage. The design criterion is able to deliver a design of compact corrugated antennas with high gain and high aperture efficiency performance at the same time. The design criterion is validated by fabricating and testing different 3D printed prototypes that operate at X-band and Ka-band. In addition, identical Aluminum prototypes are fabricated and tested to offer a performance comparison with the proposed 3D printed antennas. The proposed design criterion offers a significant improvement to the bandwidth of the antenna, in terms of -10 dB impedance bandwidth and 3 dB gain bandwidth. On top of that, the 3D printed antenna prototypes offer low cost and low weight alternatives, in comparison with the metallic prototypes.
II. ANTENNA STRUCTURE
Three 3D printed prototypes and two Aluminium prototypes are fabricated and tested to validate the proposed design criterion. The first two prototypes operate at X-band and they have the peak gain at 11.3 GHz, while other prototypes operate at Ka-band with the peak gain at 30 GHz. The Ka-band antenna is designed by scaling down the size of the X-band antenna and the schematics of the proposed antennas are shown in Figure.1 and Figure. 2. The proposed antenna design consists of two layers stacked on top of each other as shown in Figure. 1. The electromagnetic (EM) energy is launched from a standard rectangular waveguide into a rectangular cavity that exists between both layers on top of the bottom layer. WR90 waveguide with a dimensions of a×b = 22.86 mm×10.16 mm is used to feed the X-band antenna and the Ka-band antenna is fed using WR28 waveguide that has a dimensions of a × b = 7.11 mm × 3.56 mm. Each antenna has a dimensions of antenna width W and antenna length L and the cavity between both layers has a dimensions of cavity width Wc, cavity length Lc and cavity depth hc.
The thickness of the bottom layer is t1 and the thickness of the top layer is t2. The EM energy is coupled to the surface of the top layer (the radiating structure) from the cavity, which exists between both layers using the three slots that are perforated in the centre of the second layer as shown in Figure. 2. The three slots have identical dimensions of slot length SL and slot width SW . Furthermore, a second rectangular cavity and periodic corrugations are designed on the surface of the top layer to boost the directivity of the antennas. The top layer cavity has a dimensions of Wc1, Lc1 and hc1. The dimensions of corrugations are: corrugation's width kand corrugation's depth dand the dimensions of the minor corrugation arek1andd1. The distance between the centre of the antenna and first corrugation is rand the corrugation's period isp. The detailed dimensions of the proposed antennas are provided in Table. 1.
III. ANALYSIS

A. OPERATION PRINCIPLES
Both of the proposed antennas have the same operation principles as the Ka-band antenna is designed by scaling down the size of the X-band antenna. In both antennas, the EM energy is launched into the cavity between both layers using the waveguide as shown in Figure. 3 (a) and (c). Then, the EM energy is coupled from the cavity to the second layer surface using the three slots. The slots radiate part of the coupled energy directly and the rest of the EM energy, which is polarized along the x-direction, is travelling and propagating at the antenna surface. Furthermore, the top layer rectangular cavity and the corrugations excite the travelling waves as shown in Figure. 3 (b) and (d) resulting in a peak in the radiation once the dimensions of the cavity and the corrugations are optimized to provide radiation in the boresight direction at the desired frequency band as shown in Figure.4 and Figure. 5. Therefore, the X-band antenna has a peak gain of 11.5 dBi due to the radiation from the slots only. Adding the two major set of corrugations on the second layer improves the gain 5.4 dBi to be 16.9 dBi. The gain of the antenna is further increased to 17.7 dBi after the addition of the minor corrugations and to 19.1 dBi, once the top layer cavity is added. The first optimization routine for the antenna dimensions to maximize the directivity of the antenna at the required band can be summarized as follows:
where λ is the operation wavelength. The radiation from the slots and the top cavity is due to the strong excitation of TM 320 mode in the cavity between both layers as shown in Figure. In more details, TM 320 mode is strongly excited inside the cavity as the electric field components E z and magnetic field components H x and H y exists in the cavity with complete absense of E y , E x and H z = 0. The cavity in the X-band antenna has a dimensions of Wc × Lc = 24.8 mm × 70.5 mm which makes the cutoff frequency of TM 32 mode inside the cavity is 13.8 GHz. However, the existance of the three slots on top of the cavity with dimensions of SW = 9.5 mm, reduces the cutoff frequecny of the mode as it becomes possible to strongly start exciting the mode at 10.7∼ 10.8 GHz as explained in equation 6 [24] . In fact, the three slots on top of the cavity enable the excitation of the mode at lower frequencies as the cavity looks practicallay wider to the electromagnatic waves as part of the mode is coupled from the cavity to the surface of the second layer using the top three slots. Hence, the excitation of the mode is possible once the width and length of the slots are optimized. This also explains why the antenna resonance frequency and directivity are sensitive to the slot dimensions SW , SL and to cavity VOLUME 8, 2020 width Wc as shown in Figure ε and µ are the permitivity and permeability of free space.
The excitation of the TM 320 mode inside the cavities is also reflected in the gain performance of both antennas. For example, the X-band antenna has a simulated gain of 7.3 dBi at 10 GHz, it rises to 10.6 dBi at 10.4 GHz and to 14 dBi at 10.6 GHz. The gain of the antenna continues to rise to 15.4 dBi at 10.7 GHz and to 16.6 dBi at 10.8 GHz and to a peak of 19.1 dBi at 11.3 GHz. The Ka-band antenna gain and relationship with the excitation of TM 320 mode follows the same trend as the X-band antenna. TM 320 mode is excited inside the cavity as the cutoff frequency of the mode is reduced from 35.1 GHz to 27.3 GHz after the addition of the slots on the top layer as the combined width of the cavity and the slots is 10.6 mm. Hence, the Ka-band antenna has a gain of 13.2 dBi at 27.3 GHz and it rises to 16.1 dBi at 28 GHz.The gain of the Ka-band antenna contines to rise to 18.7 dBi at 29 GHz and to a peak of 19.7 dBi at 30 GHz.
The narrow periodic corrugations excite the travelling EM waves on the surface of the antenna as thoroughly analayzed and explained in [1]- [7] . In fact, TE mode is excited inside the narrow corrugations [20] , [25] resulting in radiation in the boresight direction once the dimensions and the period of the corrugations are optimized. The relationhsip between the directivity of the major corrugations depth, width and period is studied in details in [6] . In fact, the field components inside the corrugations consists ofE x , H x , H y and H z with strong excitation of E x and H y and disappearance of E z . Hence, the directivity of the antenna is sensitive to the dimensions of the depth of the corrugations D and the period of the corrugations pas the maximum directivity is achieved once the major corrugations depth is ≈ λ 5 and when the period of the corrugations is ≈ 0.9λ. 
B. RELATIONSHIP BETWEEN THE APERTURE EFFICIENY, GAIN OF THE ANTENNAS AND NUMBER OF CORRUGATIONS
The relationship between the gain of the antennas and number of periodic corrugations is shown in Figure. 7. The gain of the antennas is directly proportional to the number of periodic corrugations till reaching a saturation limit. For instance, the X-band antenna has a gain of 19.1 dBi with two set of corrugations and the gain rises to 20.5 dBi for 3 set of corrugations and to 22.3 dBi with 5 set of corrugations. The gain continues to rise to 24.2 dBi with 10 corrugations and it reaches a saturation limit of 26.3 dBi with 25 corrugations. However, the antenna has a simulted A e of 58% with one set of corrugations and a peak A e of 62% with two set of corrugations. The A e drops to 58% with three corrugations and it steadily drops after that. For example, the antenna has an A e of 55% with five corrugations, 40% with 10 corrugations, 33% with 15 corrugations and a minimum of 26% with 25 corrugations. The relationship between the gain and the number of periods of the Ka-band antenna follows the same trend as the X-band antenna with a difference that the Ka-band antenna has a relatively higher gain and lower A e performacne as it has a sliglty larger electrical size. For example, the Ka-band antenna with two set of corrugations has a peak A e of 57% and a peak gain of 19.7 dBi at 30 GHz and the antenna gain approaches saturation with 23 periods with 27 dBi and an A e of 28%.
One of the main advantages of the proposed antenna structure in this paper is that the gain of the antenna is kept increasing even after adding more than 5 corrugations, unlike the single layer corrugated structures with straight corrugations presented in [1] and [6] , where the gain of the antennas is almost reached the saturation limit with 5 periodic corrugations as the simulated saturation gain is 15.6 dBi in [1] and 14 dBi in [6] . This is due to the fact that the designed feeding mechanism of the proposed antennas in this paper couples an efficient planer-like wave to the surface of the antennas as shown in Figure.8 (a) , therefore, the gain of the antenna continues to increase after adding more corrugations. However, the central slot in the case of the single layer corrugated antenna case in [1] and [6] couples a cylindericallike wave to the surface of the antenna as shown in Figure. Hence, most of the coupled waves from the central slot are not excited after few corrugations and lost at the edges of the antenna. This explains why the Bull's Eye antenna proposed in litreture generally have higher gain and higher saturation number of periodic corrugations compared to the antennas with straight corrugations in [1] and [6] as the circular corrugations in the Bull's eye structure excite most of the coupled cylinderical waves on the antenna surface. However, the tradeoff of using the Bull's Eye structure fed using the cental slot to realize high gain performance remains the very large aperture size of the sturcture, resulting in low aperture efficiency perfomance as illustrated of all in the comparison of gain, size and A e performance of all type of corrugated antenna structures available in literature in Table. 4.
IV. FABRICATION METHOD A. 3D PRINTING AND JET METAL METALLIZATION PROCESS
Each layer of the proposed antenna is 3D printed separately using Stratasys Objet30 Prime printer and with vero clear material. Objet30 prints a smooth structures with a maximum resolution of 100µm and a layer thickness of 16µm. Then, the 3D printed plastic layers are metallized using Jet Metal (JMT) process described in Figure.9 . The techniques which developed by Jet Metal technologies is a low cost metallization technique compared to electroless plating and it is used to plate a thin and very smooth silver layer (Ag) through spray coating using two spray guns at room temperature with ambient pressure. The fabrication process of the 3D printed antennas is summarized as follows: firstly, the 3D printed prototypes are washed by pressurized water to remove the support material that is used through the 3D printing process. Then, the holes of the screws were threaded using a conventional tap and die set that is typically used to thread screws in metallic structures. After that, the 3D printed prototypes are cleaned by Isopropyl Alcohol in order to remain grease FIGURE 9. The principles of JMT process [22] . and stain. After cleaning, all layers were flame treated under high temperature in order to get a good wettability on the whole surface and to increase the adhesion of the silver coating. The resulting X-band prototypes before metallization are shown in Figure. 10.(a) and (b). Then the X-band prototypes are metallized through spray coating thin silver layer. The prototypes are fixed on a holder with a rotation axis in order to get a homogeneous coating. A solution of activation was sprayed on the whole surface then rinsed and eventually silver plated by spraying the metallization solutions. Two spraying guns were used simultaneously during 13 minutes to reach a silver thickness of 2.5 µm which is thicker than the skin depth of Silver at 10 GHz and 30 GHz which is ≈ 0.7µm and ≈ 0.4µm, respectively. The thickness of the silver layer can be simply controlled by controlling the spray time [21] , [22] .The plated silver layer with thickness of 2.5 µm has a measured surface resistance R s of 9∼ 15m / , resulting in conductivity of 2.7 × 10 7 ∼ 4.40 × 10 7 s/m. This contributes to negligible simulated conduction losses at X-band and Kaband, in comparison to perfect electric conductor (PEC) and Aluminum which has a conductivity of 3.56 × 10 7 s/m [23] .
B. CONVENTIONAL MILLING
An identical prototype of the 3D printed antennas is fabricated using Aluminum using conventional computer numerical control (CNC) milling machine to provide a full comparison with the 3D printed antennas in terms of performance, cost of fabrication and weight. Each layer of each antenna is fabricated separately as the slots, cavity and corrugations are perforated on an Aluminum plate and the two plates are attached to each other using metallic screws. Then, coaxial to waveguide adapter is attached to the antennas as shown in Figure.11 (c) . The detailed prototype of the Aluminum X-band antenna is shown in Figure. 11 and the prototypes of the Ka-band Aluminum and the 3D printed metallized using JMT process are shown in Figure. 12.
C. 3D PRINTING AND METALLIZATION USING ELECTROLUBE SILVER CONDUCTIVE PAINT
A second prototype of the Ka-band antenna is 3D printed and metallized using Electrolube silver conductive paint (SCP), due to the low performance of the 3D printed JMT antenna at Ka-band. The metallized prototype is shown in Figure. 13. The paint is applied gently and manually using a fine brush VOLUME 8, 2020 paint on the surface of each layer of the antenna and left to dry for 10 minutes at room temperature. SCP is commercially available in bottles of either 3 grams, 25 grams or 50 grams. The paint has a 45% silver content mixed with solvent blend that has excellent adherence characteristics. One coat is applied on the surface of the antenna, except for the corrugations and the slots as more than one coat is required to guarantee full coverage of the paint, especially inside the corrugations, due to their small sizes. Using SCP as a metallization technique is simple and cheap as the 3D printed prototypes do not need any special treatment before or after the metallization process.
V. RESULTS
A. X-BAND ANTENNA Both X-band and Ka-band antennas are simulated using CST microwave studio and modelled as PEC. Furthermore, the reflection coefficient (S 11 ), gain and radiation patterns are measured. The S 11 is measured using a vector network analyzer and the gain is measured using gain transfer method described in details in [26] . Both of the proposed Aluminum and 3D printed antennas have a measured -10 dB impedance bandwidth of 5 GHz covers the entire X-band as shown in Figure. 14. Generally, a good agreement is found between the simulated and the measured S 11 in the Aluminum antenna and the 3D printed antenna with some discrepancies.
The discrepencies between the measured and simulated S 11 of both antennas are due to fabrication tolerences during the milling process in the Aluminum antenna case and the accuracy of the 3D printer in the the 3D printed antenna case. For example, the 3D printer prints with an accuracy of 0.1 mm which contributes to a fabrication uncertainity. The measured gain and radiation patterns of the X-band antennas are shown in Figure.15 and Figure. Table. 2. The PEC antenna has a simulated peak gain of 19.1 dBi at 11.3 GHz. The peak measured gain of the 3D printed antenna is 18.7 dBi which results in an aperture efficieny of 56.6% at 11.3 GHz. The measured peak gain of the Aluminum antenna is 18.6 dBi with an aperute efficieny of 55.4%. The 3D printed JMT antenna has a measured 3 dB gain bandwidth of 1.1 GHz and the Aluminum antenna has a 3 dB gain bandwidth of 1 GHz. This bandwidth corresponds to ∼ 10% and it is significantly wider than the bandwidth of other corrugated antennas available in literature [1] - [17] .
B. KA-BAND ANTENNA Simulated and measured S 11 of the proposed Ka-band antennas is shown in Figure.18 . A very good a greement is found between the simulated PEC and the measured results of both the 3D printed SCP antenna and the Aluminum antenna with less agreement with the measured 3D printed JMT anatenna. All propsoed Ka-band antennas have a wide −10 dB impedance bandwidth of more than 6 GHz, however, the radiation of the propsosed antennas in the boresight with low SLL performance is limited to a ≈ 4.1 GHz bandwidth, with a frequency range of 27.3 GHz to 31.4 GHz, reducing their boresight bandwidth to ∼ 13.7%. Furthermore, the 3D printed SCP antenna has a peak gain of 18.5 dBi at 30 GHz, compared to a measured peak gain of 18.9 dBi for the Aluminuim antenna and to 19.7 dBi for the simulated PEC gain. While, the 3D printed JMT antenna has only a The 3 dB measured gain bandwidth of the 3D printed SCP antenna is 10.6% ranges between 28.2 GHz and 31.4 GHz, while it is 9% for the Aluminum antenna and 7% for the 3D printed JMT antenna. The gain of the proposed antennas are measured using gain transfer method described in [26] and far-field radiation patterns are calculated from the measurements of the antenna's near-field. The energy in the antenna's near-field region is measured and converted by the test system using Fourier transform into far-field measurement [27] .
The measured patterns were only in the range of 40 • ≤ ∓∅ ≤ 60 • , which is the maximum achievable angle range due to the limitation of planar near-field test system. A very good agreement is found between the results of the 3D printed antenna that is metallized using SCP and the Aluminium antenna, in comparsion with the simulated results as shown in Figure. 19 and Figure. 20 and summarized in Table. 3. For example, the 3D printed SCP antenna has a peak gain of 18.5 dBi with HPBW of 14.2 • at 30 GHz in the E-plane and 21.3 • in the H-plane with good agreement with the Aluminum antenna which has a peak gain of 18.9 dBi and HPBW of 14.8 • at 30 GHz in the E-plane and 21.1 • in the H-plane. However, a less agreement is found between the 3D printed JMT antenna and other antennas as the the 3D printed JMT antenna has significanty lower gain performance and higher SLL compared to simulated PEC antenna, 3D printed SCP antenna and Aluminum antenna at Ka-band as comprehenisively compared in Table. 3.
The discrepancies between the measured and simulated antennas are due to fabrication tolerences of milling process in the Aluminum antenna case, and due to the accuracy of the 3D printer which corrosponds to λ/100 at 30 GHz. This contributes to a fabrication tolerences that has a minor effect on the performance of the Aluminuim and 3D printed antenna as the used 3D printer is with high resolution. However, the major reasons which deteriorate the performance of the 3D printed antennas are the existance of the air gap between both layers in the case of the 3D printed JMT antenna and the lower conductivity of the SCP paint and the non-uniform paint thickness in case of the 3D printed SCP 3D printed antenna.
A small flexure and bend is observed in the first layer of the plastic 3D printed JMT ka-band antenna. This flexure is due to exposure to high heat during the flamming process which has been implemented to improve the wettability of the surface of the material prior to applying JMT silver paint on the plastic surface during the metallization process. This flexure and bend causes an air gap between both layers that has significantly detoriorated the gain and the radiation pattern performance of the antenna at Ka-band as the antenna is more sensitive to fabrication tolerances, unlike the X-band 3D printed JMT antenna which did not have this problem as the first layer of the 3D printed JMT antenna is thicker, and hence it is less sensitive to heat treatment.
However, the discrepencies between the 3D printed SCP antenna and the Aluminium and simulated PEC antenna is due to combination of reasons. The first is tolerances of the 3D printer as dicussed previously and the second is the non-uniform thickness of the paint across the antenna surface, especially inside the corrugations, while the third reason is the lower conductivity of the used SCP paint, in comparison to Aluminium and PEC. In more details, the propsoed SCP 3D printed antenna is painted manually using a paint brush, where more than one coat is needed to fully cover the area inside the small corrugations and the slots which produces a non-uniform thickness of the paint, especailly inside the corrugations. This causes the dimensions of the corrugations to be smaller in comparison to the original dimensions in which causes deterioration in the performance of the S 11 , raidation patterns, SLL and gain. For example, the meausured gain as shown in Figure 19 shows that the proposed SCP 3D printed antenna has better gain performance than the PEC antenna at higher frequencies as the corrugations are effectively smaller than the PEC antenna due to paint thickness. The thickness of each coat is measured to be between ≈ 30µmand 45µm. Furthermore, SCP paint has 45% silver content mixed with solvent blend that helps the silver to excellently adhere on the plastic surfaces. Hence, the paint conductiviy (σ ) is lower than Aluminium and pure silver and it can be calculated from the measurement of it sheet resistance R s after applying the paint using the following formula:
Where, R s is measured in ohm per squar ( / ), ρ is the resistivty ( ), t is the thickness of the paint, and σ = 1 ρ = S.m −1 [23] .
For example, the proposed conductivity of SCP ranges between ≈ 0.82 × 10 6 to 2.2 × 10 6 , when the paint thickness ranges between 30 µm and 45 µm as the measured R s using four point probe on the antenna surface ranges between 13 m / and 27 m / . Hence, the approximation of antenna losses due to the variation of conductivity of the paint at 30 GHz ranges between 0.5 dB and 0.7 dB as the simulated results shows in Figure. 21 and the rest of gain losses which is ≈ 0.5 dB are due to non-uniform paint thickness and 3D printing tolerances. Finally, surface roughness of the 3D printed antenna is unlikely responsible for any gain losses as Objet30 prime prints prototypes with smooth surface that have very low surface roughness. For example, the measured root mean square (RMS) surface roughness of the prototypes is less than 1.82 µm for the 3D printed prototypes metallized using JMT process and it is less than 4.62 µm for the prototypes metallized using SCP paint. This is much less than the surface roughness RMS value of 25.9 µm, which has contributed to no losses in the horn gain at 15 GHz as discussed in [28] .
Finally, the figure of merits of the proposed Aluminum and 3D printed antennas are compared in details with other similar corrugated antennas and standard gain horns as summarized in Table. 4. All of the proposed antennas in this paper have significantly wider -10 dB impedance bandwidth and 3 dB gain bandwidth, in comparsion to all other antennas in [1] - [18] , [21] .
Furthermore, the X-band and Ka-band 3D printed antennas as well as the Aluminum antennas have much higher aperture efficiecny performance than all other corrugated antennas proposed in litreture, except for the single layer Ka-band corrugated antenna propsoed in [21] which has an A e of 78% and a peak gain of 12.9 dBi at 28.5 GHz with one set of corrugations. However, the antenna in [21] suffers from having low gain performance in comparison to the antennas proposed in this paper as its saturation peak gain is 16.3 dBi once extra corrugations are added which lower its A e to 18.8% [21] . Moreover, the proposed antennas have high gain and high aperture efficiency performance comparable and in some cases higher than X-band and Ka-band standard gain horn antennas as shown in Table. 4. For example, both of the proposed X-band antennas have higher aperture efficincy at 11.3 GHz than the horns with slightly lower gain performance. Besides, the proposed antennas have much more compact height than the horns, as PE9856-20 horn with height of 9.64λ is 21 times higher than the proposed X-band antennas, and the SAK-AR073123-96-C2 horn is 16 times higher than the proposed X-band antennas. In addition, SAR-2013-28-S2 horn is 8.4 times higher than the proposed Ka-band antennas, while SAR-1725-28-S2 horn is 5.5 times higher than the proposed Ka-band antennas. Furthermore, the proposed antennas exhibit lower weight characteristics, especially for the 3D printed antennas over the horns as compared in Table. 5. However, the only superiority of the horns over the proposed antennas that they have stable gain and radiation pattern performance over very wide bandwidth covers the entire X-band and Ka-band. Finally, the proposed 3D printed antennas have much lower cost of fabrication. For example, the cost of the material used to 3D print the X-band 3D printed antenna is less than 45 USD and it less than 8 USD for the Ka-band 3D printed antenna. Combining the cost of 3D printing with the cost of the material used in the metallization process which is few dollars in both cases reduces the overall cost of the proposed 3D printed antennas, in comparison to the Aluminum prototypes and to the horns as they have significantly much higher cost of fabrication.
VI. CONCLUSION
A design criterion for high gain 3D printed corrugated plate antennas with high aperture efficiency is demonstrated in the paper. The proposed antenna design consists of two layers where the first layer is used to feed the second layer which is the radiating structure. The second layer consists of three radiating slots surrounded by rectangular cavity and periodic corrugations. The slots are used to couple the electromagnetic energy from a cavity that exists on top of the first layer to the second layer surface.
The proposed design criterion provides antennas with high aperture efficiency, wide bandwidth and high gain performance due to the combined radiation from the slots, cavity and corrugations. Furthermore, the proposed design criterion is validated by fabricating several prototypes at X-band and Ka-band. For example, the proposed X-band antennas have wide bandwidth that covers the entire X-band with a peak measured gain of higher than 18 dBi at 11.3 GHz, while the Ka-band antennas have peak measured gain of 18.5 dBi at 30 GHz, resulting in high aperture efficiency performance. This offers the proposed 3D printed antennas to be low cost solution with an advantages of providing high gain with high aperture efficiency performance, while keeping compact and low profile size. 
